The feasibility of friction stir welding (FSW) for cold worked Mg-14 mass%Li-1 mass%Al alloy was investigated. The alloy melted and cast into ingots under pressurized argon gas atmosphere. Slabs prepared from homogenized ingots, then cold-rolled up to 0.5 mm thickness. The density of this alloy is 1.326 g/cm 3 and its ultimate tensile strength is from 180 to 294 MPa according to the reduction ratio of rolling. The cold rolled plates of 2 mm thickness were butted and jointed by FSW with various tool rotation and traveling speeds. It was found that the sound joints can be made at specific conditions apart from that of AZ31 alloy. Measurement of cross sectional hardness profile revealed slight higher hardness of stir zone than that of work-hardened base metal. The hcp peaks clearly appeared at XRD profiles from stir zones.
Introduction
Weight saving materials are extremely effective for reducing the mass of transportation system. Magnesium alloys are the lightest of all practical metallic alloys for structures. They posses excellent mechanical properties including high specific strength and high specific rigidity. They are remarkable as materials of future generation aircraft; studies of higher specific-strength alloys are performed widely. Notwithstanding, the specific strength practical magnesium alloys has not attained that of high-strength aluminum alloy. It is important for expansion of magnesium usage that the specific strength of magnesium alloy exceeds the value of high-strength aluminum alloys.
Two main ways exist to increase the specific strength of magnesium alloys. One way is the pursuit of high strength through addition of hardening elements such as yttrium and zinc. Usually, the density of such an alloy increases. The other way is addition of lighter element than magnesium; lithium (Li). First, the addition of Li decreases the density of alloys. 1) Secondary, additional Li changes the crystal structure from hcp to bcc, thereby allowing cold work processing. By cold working, work hardening, which is impossible for ordinary hcp magnesium alloys, is expected. 2) An alloy called LA141, including 14 mass% Li and 1 mass% Al, is a Mg-Li alloy. Its density is 1.326 g/cm 3 . The ultimate tensile strength of the cold worked LA141 is 194-294 MPa, 3) depending on the reduction ratio. Its specific strength is 175-223 MPa/(g/cm 3 ). These values easily exceed the value 125 of heat treated aluminum alloy A6061-T6, and 150 of conventional magnesium alloy extruded AZ31 (Mg-3 mass%Zn-1 mass%Al alloy), 4) and heat treated aluminum alloy A6061 5) and are almost comparable to the value 235 MPa/(g/cm 3 ) of heat-treated strong aluminum alloy A7075-T6. 6) It is now near at hand that the alloy will be put to practical use. Joining is essential for structural materials. Welding in manufacturing industries holds a prominent position. Nowadays, when an alloy is developed, one of the first questions asked is whether the material can be welded readily.
7)
Nevertheless, it is difficult for alloys with low melting temperature and high vapor pressure to apply the fusion welding. To establish a joining method for this alloy is necessary. Friction stir welding (FSW) is the joining technique, a non-fusion joining process, first developed at The Welding Institute (TWI; Great Abington, England, UK) in the 1991.
In this study, LA141 alloys were melted and cast in argon atmosphere. Then the ingots were homogenized and coldworked to plates. The 2.0-mm-thick plates were subjected to FSW under various conditions of tool rotation and welding speed. Microstructures of the joints were observed and the static tensile properties were evaluated to determine the optimum condition.
Experimental Procedure

Melting and ingot casting of LA141 alloy
It is very difficult to melt the alloy in air or in evacuated chambers because they have high reactivity and high vapor pressure. Due to the low density of 1.326 g/cm 3 , flux melting is also prohibited. It causes oxide inclusion. Therefore it is necessary to melt and cast under pressurized inert gas atmosphere. In this study, the alloys were melted at 953 K in a chamber of 0.15 MPa argon gas atmosphere. The degasification was done by argon gas bubbling for one hour. After still standing for 15 min, the melts poured in the chamber into block moulds under pressurized argon gas atmosphere. Obtained ingots were 250 mm high 250 mm wide 50 mm thickness and weight were around 5 kg. These ingots were certified as defect free by x-ray radiography. Table 1 shows the chemical composition of an ingot. The ingots were homogenized at 673 K for 24 h.
Cold rolling and swaging
The ingots was cut into a slab of 45 mm Â 300 mm Â 250 mm. The slab was cold rolled to 2 mm thickness with the * Graduate Student, Osaka Prefecture University. Present address: TOSTEM Co. LTD. Fig. 1 . The slab was also rolled or swaged into wires at room temperature.
Friction stir welding
The 2-mm-thick cold-rolled Mg-14 mass% Li alloy plates were butted and FSWed with various tool rotation speeds and traveling speeds with a JIS SKD61 steel tool. The microstructures of joint cross sections were observed and the micro Vickers hardness was measured. Tensile properties of stir zones were assessed from small smooth tensile specimens of the stir zones. Figure 2 shows the relationship between reduction ratio and tensile properties of cold rolled plates. Ultimate tensile strength increased with increasing reduction ratio up to 97% (thickness: 1.5 mm in this case), then decreased. The peak strength was 227 MPa at 1.5 mm thick plate. The elongation value of rolling direction was also drop rapidly beyond 98%. The elongation of transverse direction test was much lower than that of rolling direction tests. The specimen that rolled with reduction ratio around 97% showed 227 MPa of ultimate tensile strength and good elongation.
Result and Discussion
Mechanical properties of cold worked LA141 alloy
Tensile properties of cold worked LA141 wires with 1.3 mm in diameter are shown in Fig. 3 . The wires of 6 mm diameter were extruded from bar of 40 mm diameter at 373 K, then they were rolled or swaged into wires with 1.3 mm in diameter at room temperature. In this study, rolled wire top out at tensile strength of 294 MPa and good elongation of 30%. The specific strength of the wire is 222 MPa/(g/cm 3 ).
FSW of cold worked plate
Butt weld joints of 2 mm thick cold-rolled LA141 were achieved using FSW. 8) Figure 4 shows the relationship between FSW conditions and joint qualities. At 2000 rpm rotating speed and 600 mm/min welding speed, the specimens were melted and began to burn slightly. This FSW condition was effective condition for AZ31 2 mm thickness plates welding with the same FSW tool, as shown in Fig. 4 . Some other experimental results of AZ31 alloy [9] [10] [11] are also shown in Fig. 4 . It is clear that the valid zone of FSW for 100 m µ µ LA141 alloy is apart from that of AZ31 alloy. It was found that FSW condition for LA141 alloy was located at lower heat input region compared to that of for AZ31 alloy. At 2000 rpm and 1500 mm/min, inner elongated cavities were found as defects by X-ray radiography. At other FSW parameters, sound joints are obtained. Figure 5 shows crosssectional macrographs and the microstructure of a joint under 1500 rpm and 1000 mm/min. The base metal shows a cold rolled fine elongated structure. The stir zone revealed equiaxial grains by dynamic recrystallization because of the heat caused by friction and plastic flow. The heat affected zone (HAZ) was a mixture of recrystallized structure and rolled structure. Figure 6 shows the influence of FSW condition on the stir-zone microstructure. Grain diameters of equiaxial grains were measured.
Vickers hardness profile of the joints are shown in Fig. 7 . The base metal hardness was about 55 HV1. The stir zone hardness is around 65 HV1. The re-crystallized stir zone was always harder than the work-hardened base metal. The value of the rotation speed divided by the traveling speed, r=v, is proportional to the heat input per unit weld length. Figure 8 shows the hardness and the grain size of stir zones as a function of r=v. Grain size shows an increasing tendency with increasing r=v. Figure 9 depicts tensile properties and the grain size of stir zone as a function of r=v. The ultimate tensile strength and the 0.2% proof stress of the base metal were 193 MPa and 103 MPa respectively. The ultimate tensile strength of stir zones were higher than that of the base metal, but the 0.2% proof stress of stir zones was lower than that of the base metal. For aluminum alloys, the maximum temperature at the stir zone reached to 0.85 Tm during FSW.
12) The recrystallized stir zone has less than 0.2% proof stress of the ascold-rolled base metal because the stir zone was annealed by FSW. The higher UTS of stir zones suggests the existence of a strengthening mechanism. The ultimate tensile strength and 0.2% proof stress tended to increase with increased heat input. Elongation decreased with increasing heat input. Elongation of the base metal was about 13%. The grain size was coarser with increasing heat input. That is, the stir zone strength was increased with increasing grain size. Mg-Li-Al alloy is a typical age-hardenable alloy. 13 ) Figure 10 shows the XRD peak profiles of the as-cast material, the cold rolled plate (2 mm thickness) and stir zone of FSW joint. In the XRD of as cast material, strong peaks of bcc can be seen. The peaks of cold-worked plate and stir zone consist of strong peak of Mg hcp and Li bcc was mixed. 14, 15) Furthermore, there are small undefined peaks in the stir zone. Heat treatment was inferred to have occurred by rapid heating and cooling during the stirring tool travel. The hardening of stir zone is the result of the combination of these two effect.
Conclusion
In this study, it was clarified that the Mg-14 mass%Li-1 mass%Al ingot was obtained with suitable melting and casting condition. And the ingot can be rolled at room temperature. When reduction ratio is 96.7%, the ultimate tensile strength was 227 MPa. Furthermore, the cold rolled wire of 1.3 mm diameter was good tensile strength of 294 MPa and good elongation of 30%. The specific tensile strength was 222 MPa/(g/cm 3 ). Cold-Rolled Mg-14 mass%Li-1 mass%Al Alloy and Its Friction Stir WeldingButt weld joints of 2-mm-thick cold-rolled Mg-14 mass% Li alloy plates were achieved using FSW. The stir zone hardness was higher than that of the cold worked base metal. In addition, the ultimate tensile strength of the stir zone was higher than that of the base metal. This strengthening might reflect heat treatment effects and hcp dispersion effect during the FSW process. Cold-Rolled Mg-14 mass%Li-1 mass%Al Alloy and Its Friction Stir Welding
